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In this paper, molecular imprinting and photonic crystal techniques were combined to construct a four-
channel sensor array for the simultaneous identification of various sulfonamides. The assay was
composed of four units. Three of these units were prepared using sulfaguanidine, sulfamethazine, or
sulfathiazole as template molecules. The fourth unit was prepared without a template molecule. The
preparation was optimized to obtain maximum identification with a molar ratio of template, monomer,
and cross-linker of 1:50:10. The response time was as short as 10 min. For demonstration, six sulfon-
amides were selected as analytes. The Bragg diffraction patterns of analytes at different concentrations
were measured using the sensor array. Data obtained were analyzed using linear discrimination analysis
(LDA) and principal component analysis (PCA). LDA can be applied for SAs discrimination. The message
ratios of 87.6%, 94.4%, and 95.8% for six SAs at 104 mol L1, 106 mol L1, and 108 mol L1 were achieved
using LDA. The sensor array identified the mixture containing various SAs with an LDA coefficient of
86.1%, thereby indicating that the sensor array had a strong anti-interference ability. The sensor array
was used to identify six SAs in fish samples. The measured data in spiked samples were consistent with
the fingerprint collected from standard solutions. The accuracy rate reached 90.9%, indicating that the
array can be used to identify SAs from food samples.
© 2019 Elsevier B.V. All rights reserved.gical Engineering, Jimei Uni-
Lin), zhyhuang@jmu.edu.cn
Molecularly imprinted poly
://doi.org/10.1016/j.aca.2019.11. Introduction
Sulfonamides (SAs) are a class of drugs with amino-
phenylsulfonamide chemical structure. SAs are widely used in an-
imal husbandry and aquaculture, because they can prevent or treat
bacterial infections. This kind of drug has many advantages, such asmer-based photonic crystal sensor array for the discrimination of
2.032
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However, long-term consumption of SAs may accumulate residues
in the human and animal body, which may cause diseases, such as
liver poisoning, urinary stones, kidney failure, or allergic reactions
[2]. Various SAs have different maximum residue limits due to their
potential hazards. For most SAs, the maximum residue limit is
0.1 mg/kg. Sulfathiazole and sulfaguanidine are non-detectable.
However, SA residues in aquatic products are frequently reported
because of the non-standard use of SAs in the breeding process [3].
Currently, the methods used to detect SAs in food are based on high
performance liquid chromatography (HPLC), such as HPLC-MS [4],
HPLC-UV [5], HPLC-DAD [6], HPLC-FL [7] and others (MS ¼ mass
spectrometry, UV¼ UV visible, DAD ¼ diode array,
FL ¼ fluorescence) owing to their advantages, such as high sensi-
tivity and accuracy. These methods have steep requirements, such
as high cost, large instruments, and relatively long detection pro-
cesses. Enzyme-linked immunosorbent assay (ELISA) is a common
technique used to detect SAs. ELISA requires antibodies from
certain SAs, but antibodies are unstable and difficult to prepare.
Therefore, it is necessary to develop a rapid method suitable for the
screening of SA residues from several sample batches.
Molecular imprinting (MI) is a well-established technique
through which molecularly imprinted polymers (MIPs) are syn-
thesized and applied with specific shape, size, and binding sites for
the certain substance, especially template molecules. The imprin-
ted cavities in MIPs can act as synthetic receptors and exhibit high
selectivity toward template molecules [8]. The specific response of
MIPs after adsorption of templates can be obtained through optical
or electrical signal. MIPs are widely applied to the detection of drug
residues in food due to its simple preparation, high efficiency, and
reusability [9,10].
The present MIP sensors generally adopt visible light, fluores-
cence, or chemiluminescence as its signal resource. Using this
strategy, fluorescence or chemiluminescence groups should be
designed and attached to the MIP skeletons, thereby increasing
preparation difficulty and lowering universality. In recent years, a
kind of sensor called photonic crystal molecularly imprinted poly-
mer (PCMIP), which combines MIP and photonic crystal, was
developed to obtain self-reporting (label-free) sensor signal. The
adsorption of template molecules by MIP corresponds to change in
lattice parameters or refractive index of photonic crystal. The
diffraction peak of the photonic crystal, which depends on lattice
parameters and refractive index, also shifts. Through structure and
size modification, diffraction peaks of PCMIPs vary across the
visible light region to attain visual detection. Furthermore, PCMIP
sensors exhibit high sensitivity, selectivity, repeatability, stability,
fast-response and have been used in the detection of organic
molecules, metal ions, and even biomacromolecules. Wang et al.
[11] used a PCMIP sensor to detect doxycycline, tetracycline, and
aureomycin from milk and honey. Zhao et al. [12] obtained colori-
metric measurement of bovine hemoglobin. Hu et al. [13] achieved
super-sensitive detection of ephedrine/pseudoephedrine and
theophylline/caffeine in urine. Wu et al. [14] prepared a PCMIP for
visual detection of atrazine with an LOD of 1016 mol/L. We
developed a PCMIP sensor for the analysis of sulfaguanidine in fish
samples with a LOD of 2.8  1010 mol L1 [15]. The linear range
was from 108 mol L1 to 103 mol L1. Zhang et al. [16] used
sulfamerazine or sulfamethazine as imprinting molecules to pre-
pare a PCMIP sensor with a linear range of 3.8 mM to 22.8 mM. The
sensor was applied successfully to detect sulfonamides from egg
white samples. Chen et al. [17] developed a PCMIP sensor for the
rapid detection of sulfamethazine. The debye-ring diameter of this
sensor increased with increasing sulfamethazine concentration.
However, the debye-ring diameter was estimated with the naked
eyes.Please cite this article as: Z.-z. Lin et al., Molecularly imprinted poly
sulfonamides, Analytica Chimica Acta, https://doi.org/10.1016/j.aca.2019.1MIPs usually show specificity at different extents towards the
template and its structural analogues. Sensor arrays can be estab-
lished based on this MIP characteristic. Cross-reactive sensor arrays
have become a powerful tool for the identification and classifica-
tion of various analytes through distinct patterns [18]. In the con-
struction of the sensor array, a suitable signal source is necessary.
The introduction of fluorescence group is a common strategy.
Greene [19] integrated seven MIPs and blank polymers into an
eight-channel array, which adopted UVeVis, to distinguish six
different aryl amines and their diastereomers. This was the first
MIP-based array. They [20] also introduced benzofuran dyes to
construct an eight-channel MIP array and used dye substitution
method to perform color recognition for seven aromatic amines.
Tan et al. [21] used a three-channel fluorescence MIP sensor array
to identify five metal ions. Qiu et al. [22] used a three-channel
chemiluminescent graphite magnetic MIP sensor array to simul-
taneously detect diphenol isomers.
The adoption of fluorescence group as signal resource usually
requires fluorescent labeling, which increases preparation difficulty
and cost. Photonic crystal is an ideal signal source, and the sensor
array combined photonic crystal and MIP are emerging research
subjects. Xu. et al. [23] proposed the first PCMIP sensor array, and
the team established a four-channel PCMIP sensor array to identify
six kinds of contaminants at a wide range of concentrations with
100% accuracy. Also, they [24] established a sensor array, including
three PCMIP and one PCNIP elements for the discrimination of trace
levels of five poly-brominated diphenyl ethers against a high
background of interference with 100% accuracy. However, the
research works on PCMIP sensor arrays have seldom been reported
in spite of its good performance.
Principal component analysis (PCA) is a mathematical process to
extract important information from amultivariate data table and to
express these information as a set of few new variables called
principal components. PCA reduces dimensionality of a multivar-
iate data to two or three principal components that can be visual-
ized graphically, with minimal loss of information. Linear
discriminant analysis (LDA) is a type of linear combination, a
mathematical process that uses various data items and applies
functions to separately analyze multiple classes of objects or items.
PCA and LDA are commonly used to analyze a dataset collected
from a sensor array to obtain discrimination results for various
analytes [23e25].
Based on a previous study [15], our group determined a PCMIP
prepared from a distinct SA template exhibited diffraction signals
varying with different SAs. This finding proved that the adoption of
PCMIPs as array elements for SAs discrimination is feasible. In this
paper, a four-channel PCMIP sensing array was constructed, and the
sensor data for different SAswere collected. The datawere analyzed
through PCA and LDA analysis to achieve the discrimination of six
SAs. This study is the first example of using the PCMIP array for the
discrimination of SAs. The constructed array could also be applied
for the discrimination of SAs in food samples with high accuracy.
2. Experimental
2.1. Reagents and materials
Sulfaguanidine (SG), sulfathiazole (ST), sulfamethazine (SM2),
sulfadiazine (SD), sulfadimethoxine (SDM), and sulfanilamide (SA)
were obtained from Shanghai Macklin biochemical Co., Ltd.
(Shanghai, China). Azobisisobutyronitrile (AIBN) was purchased
from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China).
Tetraethoxysilane (TEOS), ethylene glycol dimethacrylate
(EGDMA), and methacrylic acid (MAA) were purchased from
Aladdin Reagent Co., Ltd. (Shanghai, China). Ethanol, methanol, andmer-based photonic crystal sensor array for the discrimination of
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(Guangdong, China). All chemicals were analytical grade and were
directly used without further purification. The water used in all
experiments was purified using TKA Ultra (18.2 MU cm, Germany).
2.2. Apparatus
Diffraction spectra were measured on a fiber optic spectrometer
(MAX2000-Pro, Wyoptics Co. Ltd., Shanghai, China). Absorbance
spectra were measured using an ultravioletevisible spectropho-
tometer (UVeVis) (Lambda 265, South East Chemicals & In-
struments Ltd., Hong Kong, China). The drying of products was
carried out using vacuum dryer (DZF-6030, The CIMO Medical In-
strument Manufacturing Co., Ltd., Shanghai, China) with a turbine
pump (2RK-2B, Boerkang Vacuum Electronics Co., Ltd., Shanghai,
China). Microwave heating was conducted using microwave
digestion system (MDS-10, Sineo, Microwave Chemistry Technol-
ogy Co., Ltd. Shanghai, China). Scanning electron microscopy (SEM)
images were recorded using JEM-2100 microscope (JEOL, Japan)
operating at an accelerating voltage of 200 kV. The pH values were
measured using a pH510 m (EUTECH, Shanghai, China). Photonic
crystal was grown in an incubator with constant temperature and
humidity (Yiheng Science Instrument Co. Ltd., Shanghai, China).
2.3. Synthesis of disperse SiO2 microsphere
SiO2 microspheres with uniform particle size were synthesized
using the improved St€ober method [26]. We added 37.5 mL of
ethanol and 8.75 mL of ammonia into a 100-mL round-bottom
flask. The mixture was sealed with a rubber stopper and stirred
magnetically for 5 min at 30 C for full mixing. Then, 2.35 mL of
TEOS was added into the reaction system at a stirring speed of
1100 rpm within 1 min. Stirring speed was then lowered for
enhancing formation of SiO2 microspheres. The product was
washed with ethanol and centrifuged trice. Finally, the product was
vacuum dried for 6 h at 40 C. SiO2 microspheres with different
particle sizes were obtained by adjusting the ratio of the reactants.
2.4. Preparation of photonic crystal film
Photonic crystal (PC) film was prepared by vertical deposition
method. The dried SiO2 microspheres were mixed with ethanol to
achieve a mass fraction of 0.5%, which was fully dispersed under
ultrasound and then poured into a container. Several glass slides
previously cleaned using 7:3 H2SO4:H2O2 (v/v) solutionwere placed
vertically in the container. The container was placed into an incu-
bator at a constant temperature of 40 C and a constant humidity of
60% for 5 days to allow the spontaneous growth of the photonic
crystal film. Thus, SiO2 particles systematically self-assembled on
the glass slide surface with the natural evaporation of ethanol.
2.5. Synthesis of PCMIP sensor array
Three PCMIPs were prepared using thermal-initiated polymer-
ization method with different templates molecules of SAs [27]. SG
was used as an example to illustrate the preparation process. SG at
0.072 mmol was dissolved in 1 mL of methanol, which was then
mixed with 346 mL of MAA and 154 of mL EGDMA. The mixture was
placed in a refrigerator at 4 C for 12 h to facilitate the formation of
hydrogen bonds between MAA and SG template molecules. AIBN at
0.01 g was then added as a polymerization initiator. The mixture
was bubbled with nitrogen for 10 min for oxygen removal to obtain
a pre-polymerization solution. A photonic crystal film was stacked
with a polymethyl methacrylate (PMMA) plate to form a sandwich-
plate. The sandwich-plate was dipped into the pre-polymerizationPlease cite this article as: Z.-z. Lin et al., Molecularly imprinted poly
sulfonamides, Analytica Chimica Acta, https://doi.org/10.1016/j.aca.2019.1solution, and the solutionwas absorbed into the gaps between SiO2
microspheres under capillary action. The sandwich-plate was
placed in a sealed container for polymerization for 6 h at 60 C. The
imprinted polymer produced was distributed among the gaps be-
tween the SiO2 microspheres. Then, the sandwich-plate was
treated with HF solution (1%) for 5 min to peel off the glass plate.
The SiO2 microspheres and the imprinted polymer were left on the
PMMA plate. The PMMA plate was treated with 1% HF solution for
another 6 h to remove the SiO2 microspheres, thereby creating a
polymer film with an inverse opal structure. The SG molecules in
the polymer film were eluted with methanol and acetic acid solu-
tion (v:v ¼ 18:1) until the SG in the elution cannot be detected
through UVeVis. The obtained SG-PCMIP was stored in a buffer
solution of NaH2PO4/Na2HPO4 (0.01 mol L1, pH 7.6). The SM2-
PCMIP and ST-PCMIP were prepared following the same method as
SG-PCMIP but using SM2 and ST as template molecules. In addition,
a PCNIP filmwas prepared using the same method but without any
template molecules. The detailed experimental scheme was illus-
trated in Fig. 1. Experimental conditions, such as solvent, ratio of
template to monomer, and ratio of template to cross-linker, were
optimized because they affected the sensitivity of the sensor and
the discrimination ability of the array [14e16]. These conditions
were optimized based on the signal response value and by chang-
ing the various solvents and ratios with single factor analysis
method.
2.6. Diffraction spectra measurement
In a typical assay, PCMIP and PCNIP films were respectively
immersed in 20 mL of NaH2PO4/Na2HPO4 buffer solutions
(0.01 mol L1, pH 7.6) containing SG, SM2, or ST at different con-
centrations with an incident angle of 0. After incubation for
10 min at room temperature, the intensity and wavelength of
diffraction peaks of PCMIP and PCNIP films were measured using a
fiber optic spectrometer.
2.7. Principal component analysis and linear discriminant analysis
PCA is a multivariate statistical analysis method that selects
fewer important variables through linear transformation of multi-
ple variables to reduce the dimension of data [23,24]. LDA is a
multivariate statistical analysis method for identification [25].
Generally, LDA is expected to have an identification or group
function superior to that of PCA.
In this experiment, the data in five parallel tests about diffrac-
tion peak shift values (Dl) against six sulfonamide substances at
three concentrations (104 mol L1, 106 mol L1, and 108 mol L1)
were collected from four sensor units (3 PCMIP and 1 PCNIP), which
were analyzed through PCA and LDA using SPSS Statistics 19
software.
3. Results and discussion
3.1. Particle size selection
According to the Bragg equation (lmax¼1.633D(n2avg - sin2q)1/2),
the wavelength of diffraction peak of photonic crystal has a linear
relationship with lattice constant. In this experiment, SiO2 micro-
spheres with different particle sizes were prepared using the St€ober
method. These microspheres were characterized using SEM and
particle size statistical analysis. The results are shown in Fig. 2. The
particle sizes of SiO2 prepared were centered at 246, 330, 375, 450,
and 625 nm, respectively (Fig. 2A-E). The SEM diagram of PC
membrane prepared with SiO2 microspheres (375 nm) is shown in
Fig. 2F, in which the periodical structure was clearly observed. Themer-based photonic crystal sensor array for the discrimination of
2.032
Fig. 1. Schematic illustration of a four-channel array fabrication based on colloidal-crystal molecular imprinting.
Z.-z. Lin et al. / Analytica Chimica Acta xxx (xxxx) xxx4corresponding reflection peaks of photonic crystal film were
measured at 510, 600, 660, 775, and 890 nm, as shown in Fig. 3A.
The wavelengths of diffraction peaks were basically proportional to
the particle sizes (Fig. 3B), thereby implying that the SiO2 micro-
spheres in photonic films were arranged in a periodical array, as
shown in Fig. 2. The wavelengths diffraction peaks of photonic
crystals are affected by the SiO2 microsphere arrangement, which is
dependent on the growth environment. Therefore, the key to this
experiment is to control the growth environment and the size of
SiO2 microspheres. By comparing the diffraction intensity and peak
shape of five photonic crystal films (A-E in Fig. 3A) under different
growth environments, C and D resulted in in high intensity and
narrow half-peak width, and the PCMIP prepared with C was more
stable than D. Therefore, the particle size of SiO2 microspheres was
controlled at 375 nm.3.2. Optimization of preparation conditions of PCMIPs
Generally, the optimal index for a single sensor is its response
value for high sensitivity. In this case, high wavelength shift value
(△l) indicated that the sensor unit had high responsibility for the
analyte. However, the sensor array was used to perform a thorough
discrimination of analytes. Therefore, the optimal indexwas chosen
to obtain the maximum difference betweenwavelength shifts from
three sensor units for their corresponding sulfonamide template
molecules to ensure highest identification of different SAs [22].
Reaction solvent plays an important role in MI [28]. An ideal
solvent has sufficiently high solubility for template molecules and
does not or slightly interfere with the interaction between func-
tional monomers and template molecules. The optimization resultPlease cite this article as: Z.-z. Lin et al., Molecularly imprinted poly
sulfonamides, Analytica Chimica Acta, https://doi.org/10.1016/j.aca.2019.1of solvents showed that acetonitrile has the highest shift value
(Fig. S1a) and difference (Fig. S1b), whereas methanol’s perfor-
mance was a bit lower than acetonitrile. However, acetonitrile has
corrosive effect on PMMA plate to an extent that would damage the
integrity of PCMIP film. Comprehensive consideration suggested
that methanol was the best solvent.
As shown in Fig. S2, the molar ratio of MAA and EGDMA was
optimized in this experiment. Excessive EGDMA enabled the for-
mation of a rigid framework structure of PCMIP film to ensure
sharp diffraction peak with desensitization. Alternatively, excessive
MAAwas beneficial for high flexibility and sensitivity of PCMIP film,
but it caused a vulnerable framework with poor diffraction peak
[29]. The molar ratio of MAA to EGDMA of 5:1 had the highest shift
value (Fig. S2a) and difference (Fig. S2b). The PCMIP film prepared
at the ratio showed moderate rigidity and flexibility.
The ratio of templatemolecule to functional monomer produced
a distinct effect on the adsorption amount of PCMIP films [30]. As
shown in Fig. S3 at a molar ratio of 1:50, the differences for the
three PCMIPs that reached the maximum and the shift values were
the highest (SG-PCMIP) or the second higher (SM2 and ST-PCMIP).
In addition, SM2 and STcannot be fully dissolved at ratios exceeding
1:50. Thus, the optimal ratio of template molecule to functional
monomer was 1:50.
In conclusion, the conditions were optimized as the molar ratio
of SAs, MAA, and EGDMA (1:50:10) with methanol as solvent.3.3. Characterization of PCMIPs
According to the SEM images in Fig. 4A, SiO2 microspheres were
evenly and orderly arranged on the surface of the glass slide,mer-based photonic crystal sensor array for the discrimination of
2.032
Fig. 2. AeE: SEM and particle size distribution of SiO2 with different particle sizes (A: 264.72 nm, B: 329.56 nm, C: 375.23 nm, D: 449.76 nm, and E: 623.65 nm). F: SEM and particle
size distribution of a PC membrane prepared with SiO2 microspheres (375 nm).
Fig. 3. (A) Reflection peak of PC membrane obtained from SiO2 microspheres with different particle sizes (where S is the SiO2 microspheres at 200 nm purchased for comparison,
and AeE are the SiO2 microspheres with different particle sizes obtained by adjusting reaction conditions). (B) Linear relationship between the particle size of SiO2 microsphere and
the reflection peak position of PC membrane.
Z.-z. Lin et al. / Analytica Chimica Acta xxx (xxxx) xxx 5forming an opal structure with symmetry of face-centered cube.
According to particle size statistics, the average particle size of SiO2
microspheres was approximately 375 nmwith a diffraction peak at
660 nm. In Fig. 4B, the PCMIPs film presented an inverse opal
structure packing in a manner of ABAB…. Intersecting cavities
caused by the elution of SiO2 microspheres were observed. This
multi-layer porous structure had high surface area, which facili-
tated the transfer of target molecules among the PCMIP film. ThePlease cite this article as: Z.-z. Lin et al., Molecularly imprinted poly
sulfonamides, Analytica Chimica Acta, https://doi.org/10.1016/j.aca.2019.1average period of the PCMIPs film was measured at approximately
270 nm in length from SEM images. The corresponding diffraction
peak located at 550 nm from diffraction spectrum is shown in
Fig. 4C. The blue shift of diffraction peak indicated that the size of
cavities in PCMIP was smaller than SiO2 microspheres in PC, and
such difference was caused by framework contraction after elution
of SiO2 microspheres.mer-based photonic crystal sensor array for the discrimination of
2.032
Fig. 4. SEM and particle size distribution of the PC film (A), PCMIP film (B), and their reflection spectra (C).
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The kinetic experiments of sensor units for their template SAs
were performed to determine their equilibrium response time. The
concentrations of all the SAs were 104 mol L1. The kinetic curves
were shown in Fig. 5. The three PCMIPs had the similar response
curves. The peak shift values noticeably increased and became
stable. The equilibrium response time was hypothesized to be
10 min. The peak shift value of SG PC-MIP was the highest and SM2
PC-MIP was the lowest at similar response time, which may haveFig. 5. Dynamic response curve of sensor unit (The concentration of SG/SM2/ST is
104 mol L1).
Please cite this article as: Z.-z. Lin et al., Molecularly imprinted poly
sulfonamides, Analytica Chimica Acta, https://doi.org/10.1016/j.aca.2019.1arisen from different molecular structure and size of SAs. SM2 was
the SAwith themost complexmolecular structure, whereas SGwas
the simplest among the three SAs, according to the response
sequence in the kinetics experiments.
3.5. Responses of sensor units
The sensor array, constructed from four sensor units, SG-PCMIP,
SM2-PCMIP, ST-PCMIP, and PCNIP, was used to collect signals from
six SAs (SG, SM2, ST, SA, SDM, and SD) at concentrations of 104,
106, and 108 mol L1 with five parallel tests to obtain their cor-
responding fingerprints. The diffraction patterns of SG-PCMIP, SM2-
PCMIP, and ST-PCMIP of the six SAs at the concentrations of
104 mol L1 were shown in Fig. 6A. The SG-PCMIP, SM2-PCMIP, and
ST-PCMIP exhibited the highest signal response toward their tem-
plate molecules, such as SG, SM2, and ST, respectively. The three
PCMIPs had abundant imprinted sites for their corresponding
template molecules. Thus, the PCNIP had the lowest shift values
and the slightest signal difference for six SAs than any one of the
PCMIPs, probably because of the absence of imprinted sites for SAs
in PCNIP. Each sensor unit had its individual signal set for the six
SAs to construct a set of fingerprints that can distinguish the six
SAs. The sensor array exhibited the similar fingerprint set at the
concentrations of 106 mol L1 and 108 mol L1, as shown in
Figs. S4A and S5A, which indicated that the sensor array was
capable to distinguish six SAs in a wide concentration range.
3.6. Principal component analysis
PCAwas used to reduce the above multi-dimensional data to 2D
or 3D dataset [23,24]. PCA reduced the complexity and size of the
training data (4 polymerse6 analytese5 replicates) and trans-
formed them into roots that were linear combinations of the
response patterns. Based on the above signals collected from fourmer-based photonic crystal sensor array for the discrimination of
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Fig. 6. Discrimination ability of the sensor array for 6 SAs at 104 mol L1 (n ¼ 5). (A) Characteristic shift values of each sensor unit for the six SAs used to perform PCA and LDA. (B)
PCA plot at two principal components with a cumulative eigenvalue of 88.0%. (C) LDA plot at two discrimination functions with a cumulative eigenvalue of 87.6%.
Z.-z. Lin et al. / Analytica Chimica Acta xxx (xxxx) xxx 7sensor units at a concentration of 104 mol L1, two principal
components (PC1 and PC2) were extracted after PCA analysis. The
coefficients from PC1 and PC2 were greater than one, and the cu-
mulative percentage reached 88.0%, which indicated that PC1 and
PC2 almost contained the total information of the four variables.
According to the statistical law, the sum of information amount for
principal components greater than 80% indicated that these prin-
cipal components can represent all variables [31]. A PCA scatter plot
was shown in Fig. 6B, in which the signals from different SAs were
clustered in different areas. This fact implied that the PCA could
discriminate various SAs. The signals from another two concen-
trations at 106 and 108 mol L1 were also treated by PCA and the
PCA scatter plots, as shown in Figs. S4B and S5B. The signals from
different SAs were also distinctly distributed. The percentages of
PC1 and PC2 decreased and increased, respectively, with the con-
centration of SAs, thereby indicating that the characteristic values
from original information disappeared [32].3.7. Linear discrimination analysis
The data matrix obtained from sensor units can likely be intui-
tively represented through the two-dimensional LDA plot, in which
each point represented a measurement result, and each ellipse
represented the confidence interval of a certain analyte [33,34]. The
responses of the assay for six SAs at the concentration of
104 mol L1 were clustered into six tight groups, which were
individually separated in the LDA plot (Fig. 6C), indicating that the
sensor assay exhibited excellent discrimination for the six SAs. The
extracted two functions, LD1 and LD2, occupied 87.6% of the total
information. This valuewas a bit lower than PCA (88.0%) at a similar
concentration. However, the data in a certain ellipses of LDA were
distributed more closely than PCA, thereby indicating that LDAPlease cite this article as: Z.-z. Lin et al., Molecularly imprinted poly
sulfonamides, Analytica Chimica Acta, https://doi.org/10.1016/j.aca.2019.1provided discrimination results better than PCA. Similarly, Figs. S4C
and S5C showed the LDA plots at lower SA concentrations (106 and
108 mol L1). The responses of the assay for six analytes were
distinctly classified with 94.4% and 95.8% of the total information.
The extracted information percentages were over 85% at different
concentrations, which implied that the array could discriminate
various SAs even at low concentrations.
LDA is a supervised method for separating classes of objects and
for assigning new components to appropriate classes [25]. The LDA
results exhibited a satisfying classification performance, which
achieved 100% accuracy for both original groups and cross-
validation procedure for all three concentrations.
The application of the array for the sensor of complex solutions,
such as mixtures of analogues is crucial [23e25]. To demonstrate,
six SAs were grouped according to their positions in the LDA plots,
two neighboring SAs in the LDA plots were assigned in a group, as
follows: SG and SAwere in group 1; SM2 and SDMwere in group 2;
and ST and SD were in group 3. They were discriminated by using
the LDA method. The result is shown in Fig. 7A. Each group was
represented by an individual ellipse in the plot. The extracted two
functions, namely, LD1 and LD2, occupied as high as 100% of the
total information. In group 1, SG and SA had close molecular
structure with small size and steric hindrance. In group 2, SM2 and
SDM only had a slight difference in molecular structure (eCH3 and
eOCH3). In group 3, ST and SD had similar structures. Thus, the
array exhibited similar signal responses for SAs in the same group.
However, even for the two SAs in one group (ellipse), distinct dis-
tribution difference was also observed, indicating that the array
was able to discriminate SAs with tight structure differences.
The discrimination experiments of the array for SA mixtures
were also performed to investigate the anti-interference ability of
the approach in the presence of other SAs. Four solutions weremer-based photonic crystal sensor array for the discrimination of
2.032
Fig. 7. Linear discriminant diagrams (A) for SAs in the three groups (1:SG þ SA; 2: SM2 þ SDM; 3: ST þ SD; C ¼ 104 mol L1, n ¼ 5) and (B) for SA mixtures (1:SG, 2:SG þ SM2,
3:SG þ SM2þST, 4:SG þ SM2þST þ SA; C ¼ 104 mol L1, n ¼ 5).
Z.-z. Lin et al. / Analytica Chimica Acta xxx (xxxx) xxx8chosen, as follows: single analyte of SG; two-analyte mixture of
SGþ SM2; three-analyte mixture of SGþ SM2þST; and four-analyte
mixture of SG þ SM2þST þ SA. The discrimination result is shown
in Fig. 7B. The extracted functions, LD1 and LD2, occupied 86.1% of
the total information, thereby indicating that the array achieved the
discrimination for 4 mixtures with growing interfering substances.3.8. Sample analysis
The application of the array for sensing complex solutions, such
as food sample is a huge challenge. The practical application of the
array was investigated through SA residues’ discrimination in fish.
The results were shown in Fig. 8. The solid ellipses of 1e6 repre-
sented the discrimination of the spiked SAs, and the dotted ellipses
represented the predicted areas at which the spiked SAs should be.
Clearly, the expected areas and the measured areas matched well
with a discrimination accuracy of 90.9% in spite of the interference
from complex components in the fish matrix. Food analysis using
MIP arrays is seldom reported. Thus, the as-prepared array pro-
posed a strategy applicable in food analysis.4. Conclusions
A sensor array combining MI technology and optical self-Fig. 8. Linear discriminant diagrams for SAs in fish samples (n ¼ 5, C ¼ 104 mol L1).
Please cite this article as: Z.-z. Lin et al., Molecularly imprinted poly
sulfonamides, Analytica Chimica Acta, https://doi.org/10.1016/j.aca.2019.1reporting was prepared. The array was composed of four kinds of
sensor units that had various diffraction signals against six SAs. The
response time was only 10 min. A molar ratio of 1:50:10 of tem-
plate, monomer, and cross-linker was proposed based on the op-
timum experiments. The signals of the array for six SAs were
collected and processed using PCA and LDAmethods. The array was
confirmed to discriminate six individual SAs or their mixtures at
three concentrations. Moreover, the array can be applied to the SA
discrimination of fish samples with an accuracy of 90.9%.Author contributions section
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